Abstract: In this paper, a new structure of spatial-coded coating phosphor is proposed and effectively benefits the efficiency enhancement in the white light-emitting diodes (LEDs). The spatial-coded phosphor plate contains two subregions. One subregion is of the yellow phosphor for providing the greatest extracted yellow light, and the other subregion is the open windows for preventing the blue light from the absorption by the yellow phosphor and the Stoke loss in the wavelength conversion. In the design process, the thickness and the concentration of the phosphor and photon recycling in a high-reflectivity cavity are all simulated and optimized. Finally, the predicting spectra of the resultant white LEDs with the spatial-coded phosphors by the simulation model are all in very good agreement with the corresponding spectra from the practical measurements. Moreover, as the correlated color temperature (CCT) is around 6500 K, the maximal packaging efficiency of the white LEDs with the spatial-coded phosphors is as high as 68.0% in the measurement, and the corresponding simulation is 71.8%. It is much higher even than the optimal packaging efficiency of the conventional conformal or remote-dome phosphor packaging structure.
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Introduction
Light-emitting diodes (LEDs) have been extensively studied for practical applications including indoor and outdoor lighting for the competitive features such as fast response, free of mercury, high color performance, high efficiency, and long life [1] - [3] . In the last few decades, people have been making effort to improve the quantum efficiency of LED. Tremendous progress has been made for the solid-state lighting (SSL) technology due to the breakthroughs in the development of high performance light-emitting diodes (LEDs) via improvement in both internal quantum efficiency [4] - [6] , extraction efficiency [7] - [9] , developing phosphor-free white LEDs [10] and novel photon down converters [11] . This ensures wide adoption of SSL and will cut down the energy usage. To perform white light with LED, LEDs in red, green and blue lights can be used [12] , [13] . However, the color mixing could lose energy when the light source is used for optical projection [14] , and the power control of each LED is relatively complicated. A more general way is to cover the blue die with yellow phosphor [15] , [16] . As aging easily due to the accumulated heat emitted from chip [17] , [18] , the conventional yellow phosphors adversely affect their device properties and therefore reduce their long-term reliability as well as lifetime. Recently, the progresses in developing transparent inorganic glass-ceramics phosphors excitable by blue chip do provides with an alternative to conventional phosphors for high-power white light-emitting diodes [19] - [21] . In the related technologies, one of the important issues is to enhance the color rendering index, where two or three phosphors could be used [22] , [23] . Another is to use special packaging geometry such as a phosphor dome to perform high spatial color uniformity [24] , [25] . The other is to develop an effective way to reach higher packaging efficiency [26] . In our past study, the packaging efficiency depends on the quantum efficiency of the phosphor, phosphor particle size [26] - [29] , and the phosphor coating structure and packaging geometry [30] . Here, the packaging efficiency is defined as the ratio of the resultant white light power to the blue light power in the packaging volume. The previous study already shows that the packaging geometry including the phosphor dome and the conformal coating is useful to perform higher packaging efficiency up to 63% in measurement [26] , [31] . Besides, an appropriate phosphor particle size is helpful to reduce the backward scattering of the blue light in the packaging volume so that more light can be extracted. Even so, the backward scattering light can be further recycled by a high-reflectivity cavity to effectively reduce the packaging loss, and thus essentially to enhance the packaging efficiency. Recently, it was ever reported a special phosphor distributed white LEDs with apertures and sintered in ceramic with color mixing utilizing a diffuser on the top surface [32] , [33] . Although part of the blue light can get through the apertures as saving the phosphor conversion Stoke loss, another additional loss will be then introduced when the color mixing with a diffuser without the optimized phosphor coating design and cavity. In addition, there could not show the corresponding theoretical details for further verification yet. Furthermore, in the case of multiple phosphors for creating higher color rendering index, the packaging efficiency will be much lower because the emitted light by one phosphor could be re-absorbed by the others [34] . In this paper, we propose and demonstrate a new packaging structure with a spatial-coded phosphor coating, which could reduce the backward scattering as well as the re-absorption among different phosphors, and thus achieve higher packaging efficiency. The related experiments and the measurement results are presented, and the characteristic of high packaging efficiency is confirmed as expected. The developed scheme is further applied to two-phosphor coating, which performs both the high efficiency and the high color rendering index (CRI).
Concept of Enhancing Efficiency
The design of the phosphor plate with spatial-coded phosphor by spray coating is shown in Fig. 1 . A transparent substrate is used to carry the phosphor film on one side or both sides to contain one or more kinds of phosphors. The phosphor film is coated over the substrate plane in a form with a special spatial coding. The design concept is to divide the blue lights illuminating region into two sub-regions. One is the phosphor sub-region, where the phosphor is coated at a certain area for the yellow (or green, red) light conversion. The other is the empty sub-region, which is an open window transparent for the blue light. Therefore, in this empty sub-region, the blue lights can experience much less absorption than that in the phosphor sub-region. In such a way, the phosphor sub-region aims to provide with all the yellow lights, and the empty sub-region is to provide with the blue lights. As considering enhancing the packaging efficiency of the white LEDs, the phosphors in the phosphor sub-region absorbs all the incident blue lights, and let almost only the yellow light re-emit out. Meanwhile, the backward scattering in the phosphor sub-region is not neglectable, so an appropriate photon recycling should apply for increasing the packaging efficiency [35] , as shown in Fig. 2 . To compose the emitting light with the goal correlated color temperature (CCT), the sizes of these two sub-regions are thus crucial. For more uniform light distribution, the propagation angles of the blue light should be enlarged to balance the yellow light at different angles [36] such as to reduce the angular correlated color temperature deviation (ACCTD) [24] . Before going through the spatial-coded design, the phosphor modeling for high concentration should be reconsidered on the re-absorption effect, which is neglectable in the cases of the low concentration with greater thickness [36] , [37] . The complete phosphor modeling following the previous experience on the cases of the low phosphor concentration is shown in Fig. 3 . The modeling starts from the scattering model, following by the verifying process to figure out the absorption coefficient and the conversion efficiency. The measurement of the thickness should be precise owing that the phosphor film could be very thin. Then, one spectrum shaping process is inserted to adjust the resultant spectra if the crosstalk between one excitation light spectrum and the phosphor emission spectrum (such as the blue light excitation and the green phosphor emission) makes them seriously distorted [38] . The result of the phosphor modeling is shown in Fig. 4 . In this work, a YAG phosphor is chosen as the yellow phosphor, which is mixed with silicone and spray-coated on a glass plate. The yellow phosphor concentration is 70%. The thickness of the yellow phosphor actually is controlled by the number of the layers of the spray coating. There are four different coating layers are studied in this work. The final real thickness of the phosphor films is measured by optical scanning. After the verification process, the absorption coefficient is determined as around 13.46 mm −1 , which is much higher than that in low concentration, which is around 1 mm −1 for 10% of concentration. In the same time, the conversion efficiency is also determined as around 80%, which is similar to that in low concentration.
The phosphor model is used to calculate the final output of the blue and the yellow lights when the blue light from the LED is incident on the phosphor film. In the experiment, the phosphor plate is put on a cavity, containing a reflecting cup with a blue die bonded at the central bottom. The emitting light is measured by an integrating sphere. Fig. 5 shows the measurement results and the corresponding simulation. The simulation parameters are including 85% for the surface reflectivity and 200 cm −1 for the absorption coefficient in the active layer of the blue die. We find that the optical performance of the phosphor films could be well simulated by this phosphor model.
Spatial-Coded Design
Before going through the details of the spatial-code design, several parameters including the geometry of the reflecting cavity and the thickness of the phosphor film could be predetermined first. In fact, the slant angle of the side surface is the most key factor to the geometry of the reflecting cavity. We just learned from our extensive simulation that the light extraction is not so sensitive to the slant angle of the reflector. However, when the slant angle comes around 60
• , the light extraction can often reach above the average level of all and also easy to realize. Higher light extraction means the higher packaging efficiency. Therefore, the angle of the slanted surface is fixed at 60
• for convenience. Accordingly, some simulation of the extracted blue and yellow lights with respect to the thickness of the phosphor film is shown in Fig. 6 . It indicates that the blue light output power decreases and the yellow light output power increases when the thickness of the phosphor film increases. As the thickness is within the range from 55 μm to 75 μm, the yellow light output almost saturates and at the high level; meanwhile, the blue light still keeps decreasing as the thickness increases. We find that the thickness greater than 75 μm could induce more backward scattering, and lose more yellow light and blue light. Therefore, we confine the thickness of the phosphor film at in the range from 55 μm to 75 μm.
The principle of the spatial code is to enhance the yellow light converted by the phosphor, and to optimize the open window for blue light to compose with the proper CCT. Because of the spontaneous emission, the yellow light emitting surface looks like a Lambertian surface. However, the spatial angular distribute of the blue light does not follow the same story, because the Mie scattering by the phosphor film dominates and prefers to smaller scattering angle [33] . To have more the blue light in the large emitting angles, the open window should be located at the peripheral rather than the central regions. Accordingly, two major spatial codes are proposed, as shown in Fig. 7 . The simulation of the packaging efficiency for the two proposed spatial codes is made by adjusting the open area so that the CCT is of 6,500 K ± 100 K. The simulation result shows that the non-equal area geometry could reach higher packaging efficiency than that in the equal area geometry. The reason is that the irradiance in the normal direction (also the central area) is higher than the other parts so that the open window needs to locate at the peripheral region. Otherwise, the blue light will be too much to be balanced by the yellow light to result in very high CCT. The corresponding experiment is performed with the following the simulation parameters. The cavity height is 0.8 mm as considering the practical fabrication. Fig. 8 shows the mask for the phosphor coating as well as the final spatial-coded phosphor attached on a glass. By tuning the number of the spray-coating layers, three different samples of the phosphor films on the glass are measured their thickness of 58.3 μm, 63.7 μm, and 69.4 μm, respectively. Fig. 9 shows the measured spectrum and the corresponding simulation. All the packaging efficiencies and the corresponding CCTs by measurement and by simulation are listed in Table I . It indicates that the packaging efficiency by measurement for CCT around 6,500 K can be as high as 68.0% and 71.8% by simulation for the condition of 58.3 μm in thickness. Both of the packaging efficiencies by measurement and by the simulation are greater than all the records in the reported contributions, which were using the conformal or the remote-dome phosphor packaging structures. The conclusive comparison among them as shown in Figs. 10 and 11. 
Conclusion
In this paper, a new structure of spatial-coded coating phosphor is proposed and effectively benefits the efficiency enhancement in the white LEDs. The spatial-coded phosphor plate contains two subregions. One sub-region is of the yellow phosphor for providing the greatest extracted yellow light, and the other sub-region is the open windows for preventing the blue light from the absorption by the yellow phosphor and the Stoke loss in the wavelength conversion. Before the design, we present the precise model of the phosphor in high concentration. In the design process, the phosphor thickness as well as concentration, and photon recycling with a high-reflectivity cavity are all simulated and optimized. The final optimized parameters are including 70.0% of phosphor concentration, the slanted surface of 60
• , and 58.3 μm of phosphor thickness. Besides, the spatial-coded phosphor plate is designed of non-equal area sizes with greater open window gaps such as to bring to the similar angular distribution between the blue and yellow lights output. In the experiment, 3 samples with different thickness as suggested by the simulation are prepared for the performance measurement. We found the measured spectra of the resultant white LEDs with the spatial-coded phosphor are very well predicted by simulation. The maximal packaging efficiency by measurement for CCT around 6,500 K can be as high as 68.0% (71.8% by simulation) for the condition of 58.3 μm in thickness. Both of the packaging efficiencies by measurement and by the simulation are greater than all the records in the reported contributions, which were using the conformal or the remote-dome phosphor packaging structures.
